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SUMMARY 
Due to growing concern on energy, sustainability and carbon emission, the application of low/zero 
energy ventilation strategies is essential. In Nigeria, the use of energy intensive strategies is not possible 
due to the prevalent energy shortages. To provide acceptable Indoor Air Quality (IAQ), sustainable 
ventilation is required. The main objective of the study is to provide acceptable IAQ and air change 
rates (ACR) in hospital wards with installed insect screen while excluding the prevalent Hamadan dust. 
CFD Fluent 13.0 was used for the simulation and particle tracking was conducted using Lagrangian 
approach of the Discrete Phase Model (DPM). To improve the ventilation rates, while excluding 
Harmattan dust, plenums have been introduced in the windward and leeward sides of the wards. The 
results show that, the introduction of the plenum to the windward side of the ward resulted in 83.7% 
increase in ACR, while introducing plenums to both the windward and the leeward sides resulted in 
127.9% and 133.7% increase in ACR respectively compared to the case without plenum. Thus, the 
installation of the insect screens on the plenums with larger surface area rather than directly installing 
on the openings increases ACR and acceptable ventilation will be achieved with lower porosity screens. 
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1 INTRODUCTION  
The protection of indoor environment from air contaminants is vital, as people spend 80 - 90% of their 
time indoors (Zhao et al. 2004b).  The indoor contaminants sources include construction materials, 
painting, furniture, combustion, etc. while the outdoor sources include vehicles, industrial activities, 
waste treatment plants and other sources that can discharge air contaminants (Santos et al. 2011). These 
pollutants are mainly suspended particles in air, such as dusts, smoke, fumes, and mists (ASHRAE 
Fundamentals, 1997). The interest of this study is pollutants with outdoor sources such as Harmattan 
dust, due to their significant effects on indoor environments and IAQ in the study area, Maiduguri – 
Nigeria. Harmattan is a fugitive dust originating from the Chad basin, transported by dry North-East 
trade wind that usually blows across Nigeria between November and March annually. The effects of 
dust particles concentration on human health is established, particularly linking cardiovascular and 
respiratory diseases to dust outbreaks (Kwon et al. 2002; Chen et al. 2004; Nazaroff 2004; Meng and 
Lu, 2007). Dust particles also create discomfort in terms of surfaces dirtying and affects productivity 
and health (Fanger, 2006; Wyon, 2004; Lu et al. 1996).   
Moreover, the perfect prediction of airflow characteristics in and around building is vital for particle 
assessments (Jiang and Wang, 2012). Ventilation systems should enhance air exchange between indoors 
and outdoors to exhaust the pollutants with internal sources and dilute the pollutants with external 
sources, preventing their accumulation (Santos et al. 2011). The ventilation system defines the airflow 
pattern indoors and determines the particle distribution and dispersion (Béghein et al. 2005). Numerical 
simulation is vital in examining the characteristics of pollutant dispersion indoors (Xia and Leung 2001). 
The application of CFD in IAQ studies is growing, as it can rapidly provide full data on airflow, particle 
concentration and movement in ventilated spaces with relatively low cost, (Jiang and Wang, 2012).  The 
effect of insect screens and plenums on dust concentration indoors was studied using CFD Fluent.    
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2 METHODS 
The simulation was conducted using CFD Fluent 13.0, with computational domain developed according 
to the guideline by Franke et al. (2007) and Tominaga et al. (2008). The details of boundary conditions 
used is shown in Table 1. Convergence were achieved when the scaled residuals reached 10-6 for x, y, 
and z momentums, 10-5 for k-  and continuity. The inlet velocity boundary conditions were set using 
wind speed data from the nearby meteorological station, based on corrected incident vertical profile 
wind speed. The vertical velocity profile (U), friction velocity (u*), turbulent kinetic energy (k) and 
turbulent dissipation rate (ɛ) were determined using equations 1, 2, 3 and 4 respectively. The correlation 
derived by Miguel et al. (1997) relating the screen permeability K and inertial factor Y to the porosity 
was adopted as shown in equations 5 and 6 respectively to set the characteristics of the insect screen. 
𝑈(𝑧) =
𝑢∗𝐴𝐵𝐿
𝜅
𝑙𝑛 (
(𝓏 + 𝓏0)
𝓏0
)……………………………………………………………… (1) 
𝑢∗ =
𝜅𝑈𝑟𝑒𝑓
ln⁡(
𝓏𝑟𝑒𝑓
𝓏0
)
…………………………………………………………………………… . . (2) 
𝑘 =
𝑢𝐴𝐵𝐿
∗2
√𝐶𝜇
…………………………………………………………………………………… . (3) 
𝜀 =
𝑢𝐴𝐵𝐿
∗3
𝜅(𝓏 + 𝓏0)
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K = 3.44 x 10-9α1.6                               ..…….………………………………… (5) 
Y = 4.3 x 10-2α-2.1                                                           ...……………………………………   (6) 
Where:  Uref = reference wind speed at reference height z; u* = friction velocity; ƙ = 0.42(von Karman constant); z0 = ground 
roughness height; zref= reference height 3.3m; Cμ= 0.09 (standard k-  model constant); ɛ= turbulence dissipation rate; z= 
height above ground level; α is the screen porosity.  
To simplify and reduce computational power, the following assumptions were applied, as used in 
previous studies (see Zhao et al. 2004a; Lu et al. 1996; Tian et al. 2009): a) Heat and mass transfer 
between air and particles are neglected; b) No particle rebounds on solid surfaces, such as walls, floors 
and ceilings; c) No particle coagulation in the particle deposition process; and d) All particles are in 
spherical solid shape. This study used the Lagrangian discrete particle model for the particle tracking, 
as used in many studies (Lu et al., 1996; Béghein et al., 2005; Jiang and Wang, 2012). The problem was 
initially solved as single phase flow, and then DPM was enabled. The particles used have density 
equivalent to dry sand of 2700 kg/m3. The stochastic tracking and Discrete Random Walk model (DRW) 
was used to account for the effect of turbulence in particle dispersion as used in Tian et al. (2009). 
Table 1: Summary of boundary conditions used for the simulations 
S/N Boundary Settings 
1 Inlet profiles (U, u*, k and ɛ) Equations 1, 2, 3 and 4 (These equations were used as user-defined functions) 
2 outlet Relative static pressure is zero 
3 ground No slip rough wall  
4 Building surfaces No slip rough wall with zero roughness 
5 Upper and side domains  Free slip symmetry 
6 Domain size 44.8m x 75.86m x 19.80m 
7 Mesh type Hex-dominant structured grids  
8 Turbulence model  k-ɛ Realizable 
9 Discretization schemes Second order upwind 
10 Algorithm (pressure velocity coupling) COUPLED  
11 Pressure interpolation scheme PRESTO 
12 Time  Steady state simulation 
13 Near wall treatment  Standard wall functions 
14 Total number of cells (Average) 2.2 million 
15 Reference height  10m 
16 Roughness length (zo) According to Wieringa et al. (2001) 
17 Reference mean wind speed inlet  2.6 m/s (4.1 m/s airport value) 
18 Insect screen permeability (K) 1.77 x 10-09  
19 Insect screen inertial factor (Y) 297.5  
20 Insect screen porosity 0.66  
Track 6 – Excellent Indoor Climate and High Performing Ventilation 
 
PROCEEDINGS — Roomvent & Ventilation 2018 |   1117 
 
21 Gravity  -9.81 
22 Air density  1.842 
23 Air temperature  27.8oC  
24 Ground roughness constant (Cs) 5 
25 Ground roughness height (Ks) 0.98 
26 Wall motion  Stationary wall  
27 Heat transfer through walls/roof adiabatic 
2.1 Model validation and Grid Independency  
The validation was conducted using tracer gas measurements results of 9 cases from 4 hospital wards. 
The difference between the two measurements was found to be ≤15% as shown in Figure 1, which is 
within the acceptable error limit. As errors obtainable from full-scale measurements could be larger than 
well controlled wind tunnel test (Easom, 2000) and can reach 10-20% (Yang, 2004; Willemsen and 
Wisse, 2002). However, the Computational grids with fine resolution is required to represent important 
physical phenomena. Hirsch et al. (2002) recommended hexahedra shapes compared to tetrahedral, as 
the former is known for its smaller truncation errors, while displaying better iterative convergence. This 
study used, ‘Hex dominant’ mesh with about 77% hexahedral cells. To ensure that simulation results 
are not sensitive to grids, a grid independency test was conducted by refining the mesh until there is no 
change in the result, using 3 different grid alternatives ranging from about 1 million to 2.2 million cells. 
The difference between the three airflow rates is insignificant as shown in figure 2, suggesting the 
solutions are independent of the grids.  Hence, the fine grid was adopted in the present study. 
3 RESULTS AND DISCUSSIONS 
The influence of insect screens and Plenum on dust particles penetration indoors has been simulated 
using particles sizes of 1μm to100μm, considering three different cases including case 18 with one 
plenum at the windward side of the ward; case 19 with two plenums at the windward and leeward sides 
and case 20, which is the same with case 19 but with roof openings inside the leeward side plenum. The 
plenums have 2m width and the same height with the ward. The insect screens are moved away from 
the window openings and positioned on the plenum openings. Table 2 presents comparative analysis of 
cases 18, 19 and 20 with the case 16 without plenum. The result shows that, screen porosity has a 
significant influence on dust particles penetration indoors as the difference in concentration due to 
particle size is well pronounced in Figures 3 and 4. The larger the particle size, the fewer the particles 
concentration indoors, which agrees with findings of Zhao et al (2004a) and Béghein et al. (2005). The 
result also shows that, introducing: Plenum to the windward (Case_18); Plenums to both the windward 
and leeward sides (Case_19); and the inclusion of the roof openings into the leeward plenum (Case_20) 
resulted in 83.7%, 127.9% and 133.7% increase in ACR respectively compared to the case 16 without 
plenum. Thus, dust particle concentration indoors increases with increasing Air Change Rates (ACR), 
which agrees with the findings of Lu et al. (1996) and Zhao et al. (2004a). The ACR obtained in cases 
18, 19 and 20 are above the ASHREA requirement of 6-ach-1 in patient rooms.  
However, the dust particle concentration indoors decreased due to the Plenum in all the three cases (18, 
19 and 20) and the reduction compared to case 16 is higher in the Case_18 (single plenum), than both 
Cases 19 and 20 (double plenums) as shown in Figure 5. This is due to the increasing concentration of 
dust particles indoors with higher ACR. The introduction of plenums (cases 18, 19 and 20) has 
effectively improved the airflow distribution in the simulated ward compared to the case 16 as shown 
in Table 2. Thus, the possibility of achieving acceptable IAQ with low outdoor wind speed, and lower 
insect screen porosity is high. Hence, for effective reduction of dust particles concentration indoors, 
lower screen porosity can be used without compromising standards of 6-ach-1. The dust concentration 
indoors is lower with larger size particles compared to smaller size particles as shown in Figure 5. The 
percentage of particles concentration is higher in the case 16 without plenum compared to the cases 
with plenum (18, 19 and 20), since larger particles are trapped in the plenum before reaching the ward 
opening due to pressure drop caused by the screen as shown in Figures 6 and 7. The percentage of 
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particles deposited on the floor of the plenums before reaching the wards increases with increasing 
particles size as shown in figure 8. 
 
 
 
 
 
 
 
 
 
Figure 1: The Validation Results Comparing Air Change Rates 
of Full-Scale Measurement and CFD Simulation 
 
Figure 2: The Volumetric Flow rates of three different Mesh 
alternatives 
 
Figure 3: Concentration characteristics of dust particles for 
different insect screen porosities (1μm-100μm) 
 
Figure 4: Concentration characteristics of dust particles for 
different particle sizes (1μm-100μm) 
 
Figure 5: The influence of plenum on different sizes of dust 
particle concentration (1μm-100μm)    
Figure 6: The influence of plenum on different sizes of dust particle 
concentration (1μm-100μm) 
Figure 7: Particles Deposited in the Windward Plenums Figure 8: Particles Deposited in the Windward Plenums 
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Table 2: Airflow characteristics and pattern (Velocity magnitude) and 3D streamlines of cases 16, 18 and 19  
 
 
4 CONCLUSIONS 
The objective of the study is to provide acceptable IAQ and ACR in hospital wards with insect screen 
while excluding Hamattan dust. Insect screens are installed to reduce dust particles infiltration, since 
dusts penetrate mainly through ventilation openings. But, installing the screens results in pressure drop 
across the openings and reduces the ACR. Thus, Plenums were introduced in the windward and leeward 
sides of the wards. The screens were installed on the Plenums instead of directly on the openings. The 
introduction of the plenums decreased the particles concentration indoors and the installation of the 
insect screens on the plenums with larger surface area rather than directly installing on the openings 
increased the ACR above the requirements. Hence, acceptable ventilation will be achieved using screen 
of lesser porosity that can filter higher quantity of dust compared to screens with larger porosity.  
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